Several gene-deficiency models promote the development of innate CD8 + T cells that have diverse T cell antigen receptors (TCRs) but have a memory phenotype and rapidly produce cytokines. We demonstrate here that similar cells developed in mice deficient in the transcription factor KLF2. However, this was not due to intrinsic deficiency in KLF2 but instead was due to interleukin 4 (IL-4) produced by an expanded population of T cells expressing the transcription factor PLZF. The development of innate CD8 + T cells in mice deficient in the tyrosine kinase Itk and coactivator CBP was also attributable to this IL-4-dependent mechanism. Finally, we show that the same mechanism drove the differentiation of innate CD8 + T cells in BALB/c mice. Our findings identify a previously unknown mechanism of regulation of CD8 + T cells via the production of IL-4 by PLZF + T cells.
T cells expressing a diverse repertoire of T cell antigen receptor (TCR) specificities develop in the thymus. Mature, naive αβ T cells migrate from the thymus and through secondary lymphoid organs. During infection, pathogen-specific T cells clonally expand, differentiate into effector cells and migrate to infected tissues to clear the pathogen. After clearance, T cell populations contract, leaving a memory population that is again quiescent but differs from naive T cells in phenotype (usually with higher expression of the hyaluronic acid receptor CD44 and cytokine receptors such as CD122) and greater function when restimulated, such as more rapid proliferation and production of cytokines such as interferon-γ (IFN-γ) 1 .
In the T cell population, there are other subsets of T cells that develop unique function and migration during development before infection. These subsets include regulatory T cells, natural killer T cells (NKT cells) and mucosal-associated invariant T cells. Such cells can rapidly produce cytokines after stimulation 2, 3 and have multiple and sometimes conflicting roles in protection from infection versus pathogenesis that results from autoimmunity 4 . PLZF (promyelocytic leukemia zinc finger; Zbtb16) has been identified as a key transcription factor involved in the development of NKT cells 5, 6 , yet it remains unclear if and how such PLZF + populations affect the homeostasis of conventional T cells.
It has been proposed that the transcription factor KLF2 might regulate many characteristics that differentiate T cell subsets. In mice with hematopoietic KLF2 deficiency, T cell development is normal but the number of T cells present in peripheral organs is much lower 7 . This can be explained by the requirement of KLF2 for the expression of sphingosine 1-phosphate receptor type 1 (S1P 1 ) in T cells 8 , as S1P 1 is necessary for the egress of T cells from the thymus and lymph nodes 9 . In addition, KLF2 regulates the migration of naive T cells by binding to the promoter of the gene encoding L-selectin and inducing its expression 8, 10 . KLF2-deficient T cells express many inflammatory-type chemokine receptors such as CXCR3 (ref. 11 ). This has led to the idea that KLF2 represses these chemokine receptors and in the absence of KLF2, T cells express these receptors and migrate to nonlymphoid tissues. Experiments using a model in which loxP-flanked alleles of Klf2 are deleted by Cre recombinase driven by the Cd4 promoter (Klf2 fl/fl Cd4-Cre) have shown that KLF2 does not repress CXCR3 transcription but instead that the upregulation of CXCR3 is a cell-extrinsic effect 12 . Experiments using mixed-bone marrow chimeras generated with unequal ratios of bone marrow have shown that when KLF2deficient cells are the majority, both KLF2-deficient and wild-type T cells express CXCR3. However, in chimeras in which wild-type cells are the majority, neither KLF2-deficient nor wild-type cells express CXCR3. T cells deficient in interleukin 4 receptor-α (IL-4Rα) or the transcription factor eomesodermin (Eomes) do not upregulate CXCR3 in the environment in which KLF2-deficient cells are the majority. Thus, T cell KLF2 deficiency leads to cell-intrinsic overproduction of IL-4, which causes cell-extrinsic upregulation of CXCR3 on wild-type bystander cells 12 .
In the present study, we further examine the bystander effects caused by KLF2 deficiency and determine how KLF2 regulates IL-4 expression. We report that bystander CD8 + T cells took on a memorylike phenotype (CD44 hi CD122 hi ) and were able to rapidly produce cytokines, much like the innate CD8 + T cells generated in mice lacking the IL-2-inducible T cell kinase Itk or the histone acetyltransferase CBP. We found that the IL-4 overproduction was a result of an expansion of cell populations expressing PLZF, including NKT cells and γδ NKT cells. In KLF2-deficient mice also deficient in PLZF, CD8 + T cells did not have memory-like characteristics. We also found that a similar mechanism drove the CD8 + phenotype in Itk-deficient or CBP-deficient mice. Finally, we found that in normal (non-genedeficient) BALB/c mice, the memory phenotype of CD8 + T cells was dependent on IL-4 and the PLZF + population. Our findings support a model in which PLZF + T cells, via IL-4 production, regulate the size of the memory-phenotype CD8 + T cell pool.
RESULTS

Characteristics of bystander CD8 + T cells
Klf2 fl/fl Cd4-Cre thymocytes reportedly have higher expression of the chemokine receptor CXCR3. This upregulation has been shown to be a cell-extrinsic effect through the use of mixed-bone marrow chimeras generated with unequal ratios of bone marrow in which Klf2 fl/fl Cd4-Cre cells are the majority 12 . The unequal ratio in such chimeras creates an environment composed largely of gene-deficient cells yet allows determination of whether wild-type bystander cells sense a change in that environment. In Klf2 fl/fl chimeras generated with an unequal ratios of bone marrow, bystander wild-type CD8 + single-positive (SP) thymocytes upregulate CXCR3. This effect is dependent on IL-4Rα and Eomes 12 , which suggests that KLF2 deficiency causes overproduction of the soluble factor IL-4, which upregulates CXCR3 through Eomes even in wild-type bystander cells. Bystander effects on CD4 + T cells have been observed, but to a lesser extent than the effects on CD8 + T cells, so we focused on CD8 + T cells in this report.
We sought to more completely characterize these cell-extrinsic effects with a similar mixed-bone marrow chimera approach (Fig. 1a) . Higher expression of CXCR3 is found in activated and memory T cells 13 . Thus, we examined bystander CD8 + T cells for other memory markers and found that wild-type CD8 + bystander cells in Klf2 fl/fl Cd4-Cre mixed chimeras had higher expression of CD44, CD122 and IL-4Rα, whereas expression of β 7 integrin was lower ( Fig. 1b) . However, the cells did not have more CD69 or CD25, markers of recent activation (data not shown). Eomes and T-bet are T-box transcription factors with overlapping but distinct roles in the formation and function of memory CD8 + T cells 14, 15 . Although most memory CD8 + T cells expressed both Eomes and T-bet, bystander CD8 + T cells had high expression of Eomes but not of T-bet mRNA 12 or protein ( Fig. 1c) . In addition, we found that expression of CD24 (heat-stable antigen) was lower on wild-type bystander CD8 + SP cells mixed with a majority of Klf2 fl/fl Cd4-Cre cells than on CD8 + T cells from an all-wild-type chimera ( Fig. 1b) . CD24 expression decreases progressively after positive selection; thus, lower expression indicates more mature SP cells. A partial defect in thymocyte emigration is consistent with findings obtained with transgenic mice that overexpress IL-4 in the thymus 16 .
Next, to determine if bystander cell-activated CD8 + T cells functioned like memory cells, we stimulated thymocytes from mixedbone marrow chimeras ex vivo with phorbol myristate acetate (PMA) and ionomycin, then measured cytokine production by intracellular staining. A greater percentage of bystander CD8 + T cells from a KLF2deficient environment produced IFN-γ than did CD8 + SP cells from an all-wild-type thymus (Fig. 1d) . Thus, we conclude that the KLF2deficient thymic environment led to the development of bystander CD8 + SP cells that shared the functional and phenotypic characteristics of memory T cells. This phenotype included expression of CD44 and CD122 and rapid cytokine production, but bystander CD8 + T cells differed from memory CD8 + T cells in that they expressed Eomes but not T-bet.
Enhanced function of bystander CD8 + T cells
Because the Klf2 fl/fl Cd4-Cre environment generates CD8 + T cells that resemble memory cells, we sought to determine if the bystander CD8 + T cells had greater functional capacity. One characteristic of antigen-specific memory CD8 + T cells is their ability to make a more rapid secondary response. We generated chimeras with OT-I recombination-activating gene 1-deficient (Rag1 −/− ) TCR-transgenic T cells, which are restricted in major histocompatibility complex (MHC) class Id and transgenic for the ovalbumin (OVA)-specific TCR, as the bystander cells. As the KLF2-deficient mouse is lymphopenic, we used S1P 1 -deficient bone marrow as a control, because S1P 1 -deficient mice are lymphopenic as well but do not show the IL-4 dependent bystander effects 9 (Supplementary Fig. 1 ). In our bone marrow chimera set-up, we mixed OT-I and wild-type cells with various majority populations ( Fig. 2a) .
Bystander OT-I thymocytes had a memory-like phenotype similar to that of wild-type bystander cells when Klf2 fl/fl Cd4-Cre cells were the majority ( Supplementary Fig. 1 ), even though no OVA antigen was ever present. The effects on OT-I bystander T cells and the low expression of CD49d (α 4 integrin; data not shown) suggested that this was not an antigen-driven process 17 . Although there were not affected as much as in the thymus ( Supplementary Fig. 1) , it was apparent that splenic and lymph node-derived OT-I cells A r t i c l e s from the KLF2-deficient environment were also affected and included a greater percentage of CD44 hi CD122 hi cells ( Fig. 2b) .
To test the bystander effects in vivo, we transferred OT-I cells from the spleen and lymph node of the chimeras together with an equal number of naive, CD44 lo OT-I T cells. We then infected the mice with an attenuated strain of Listeria monocytogenes expressing OVA. Bystander OT-I T cells from the KLF2-deficient environment out-competed the competitor population of CD44 lo OT-I T cells to a greater extent than did OT-I cells from the wild-type or S1P 1 -deficient environment. This was apparent in the relative percentage in blood and cell number in the spleen (Fig. 2c) .
Memory CD8 + T cells have been shown to produce IFN-γ in an antigen-independent way as a result of inflammatory cytokines 17 . To determine if bystander OT-I T cells also have this ability, we stimulated splenocytes with IL-2, IL-12 and IL-18 in vitro in the absence of TCR stimulation and measured IFN-γ production. A significantly greater proportion of peripheral OT-I T cells from the KLF2-deficient environment than those from wild-type chimeras produced IFN-γ ( Fig. 2d) . TCR-dependent cytokine production also seemed to be greater. Similar to our findings obtained with thymocytes ( Fig. 1d) , we found that more spleen and lymph node polyclonal bystander CD8 + T cells stimulated with PMA and ionomycin produced IFN-γ (data not shown). We observed a similar trend with OT-I T cells stimulated with an OVA peptide composed of amino acids 257-264 ( Fig. 2d ). Together these results show that the KLF2-deficient environment leads to the expansion of a subset of CD8 + T cells with greater function.
Bystander phenotype dependent on PLZF + T cells
Klf2 fl/fl Cd4-Cre mice have more production of IL-4, and the CD8 + bystander phenotype is dependent on type I IL-4 receptor signaling 12 . We next sought to determine the cellular source of this IL-4. In the Klf2 fl/fl Cd4-Cre model, KLF2 deficiency is limited to T cells, so T cells probably produce the excess IL-4. NKT cells are a subset of T cells that are known to rapidly produce cytokines, including IL-4. PLZF is a transcription factor necessary for NKT cell development and function 5, 6 . We found much higher expression of PLZF mRNA in the Klf2 fl/fl Cd4-Cre thymus ( Fig. 3a) . PLZF expression was not higher on all thymocytes, but instead a greater percentage of thymocytes expressed PLZF (Fig. 3b) . In mixed-bone marrow chimeras, PLZF expression was higher on Klf2 fl/fl Cd4-Cre cells but not on wild-type cells, regardless of the chimera ratio ( Fig. 3c ). This demonstrates that PLZF + cell population expansion is a cell-intrinsic effect of KLF2 deficiency in T cells.
In wild-type mice, the PLZF + population is highly restricted in terms of TCR use, being composed mainly of invariant NKT cells, recognized by their binding to tetramers of the antigen-presenting molecule CD1d loaded with the glycolipid PBS-57, and γδ NKT cells 18, 19 . In the PLZF + populations, the proportion of these subsets was similar in wild-type and Klf2 fl/fl Cd4-Cre mice ( Table 1 and Supplementary  Fig. 2a ). KLF2 deficiency seemed to expand the entire PLZF + population without a substantial change in its composition. To better understand the mechanism of this expansion, we crossed TCR-transgenic mice that normally do not generate PLZF + cells with Klf2 fl/fl Cd4-Cre mice. KLF2 deficiency did not lead to PLZF expression in either CD4 + TCR-transgenic (SMARTA) T cells or CD8 + TCR-transgenic (OT-I) T cells (Supplementary Fig. 2b) . These findings, together with the fact that KLF2 expression is limited to the mature SP stage of thymocyte development 12 , are consistent with the proposal that KLF2 deficiency does not affect the selection of PLZF + cells but instead causes 'preferential' survival or expansion of the normally selected PLZF + population.
To determine if the expanded PLZF + population in Klf2 fl/fl Cd4-Cre thymus was functional and produced IL-4, we stimulated thymocytes with PMA and ionomycin and measured IL-4 production by intracellular staining. We observed that Klf2 fl/fl Cd4-Cre PLZF + cells did produce IL-4 and that most of the IL-4 production was in fact from PLZF + cells (Fig. 4a) . In the PLZF + subset, both γδTCR + and CD1d tetramer-binding cells produced IL-4 (data not shown).
As the bystander CD8 + phenotype is dependent on IL-4 and PLZF + cells produce IL-4, we hypothesized that the CD8 + phenotype is dependent on the expanded PLZF + population. To test our hypothesis, we bred Klf2 fl/fl Cd4-Cre mice with mice carrying the luxoid mutation of the gene encoding PLZF (Zfp145; called 'Plzf lu/lu ' here). The luxoid mutation is a spontaneously arising nonsense mutation that results in a truncated PLZF protein that lacks the DNA-binding region and all zinc-finger domains 20 . Plzf lu/lu and Plzf −/− mice have a similar phenotype and NKT cell defect 5, 6 . Klf2 fl/fl Cd4-CrePlzf lu/lu mice had no detectable expression of PLZF protein (data not shown). Although Klf2 fl/fl Cd4-Cre CD8 + T cells had dysregulated IL-4Rα, CXCR3, CD44, CD122 and β 7 integrin, the additional deficiency in PLZF in Klf2 fl/fl Cd4-CrePlzf lu/lu mice restored these bystander cell-affected molecules to wild-type amounts (Fig. 4b,c) . The genetic removal of PLZF led to loss of the memory-like CD8 + phenotype, in support of the idea that the bystander cell effects were dependent on PLZF + cells.
We did not detect PLZF in the wild-type or Klf2 fl/fl Cd4-Cre CD8 + SP population (Supplementary Fig. 3a) . In addition, wild-type bystander cells were not affected in a chimera in which the majority of the transferred bone marrow cells were Klf2 fl/fl Cd4-CrePlzf lu/lu (Supplementary Fig. 3b ). This indicates that PLZF is important for the induction but not the response to the bystander cell effects.
Evidence so far supports the idea that KLF2 controls T cell migration by directly regulating the cell surface receptors S1P 1 and CD62L in T cells 8, 10 . Both Klf2 fl/fl Cd4-Cre and Klf2 fl/fl Cd4-Cr Plzf lu/lu mice had a greater proportion of mature, CD24 lo CD8 + SP cells (Fig. 4c) . This phenotype and the high CD69 expression were consistent with the idea that KLF2 deficiency leads to a lack of S1P 1 and a defect in thymic emigration 9 . In support of the idea of direct regulation, CD62L expression was lower and CD69 expression remained high on KLF2deficient cells regardless of PLZF expression (data not shown). Thus, KLF2 has a cell-intrinsic role in the regulation of CD62L, S1P 1 and PLZF, and the bystander effects observed with KLF2 deficiency are dependent on the population expansion of PLZF + cells.
CD8 + T cell memory-like differentiation in other models
We were interested determining if the effects described above occur in other gene-deficiency models. Itk is a Tec family kinase with a role in TCR signaling 21 . Itk-deficient CD8 + SP thymocytes are reported to have altered development, characterized by high expression of CD44, CD122 and Eomes and low expression of CD24 (refs. 22, 23) . Such mice have been reported to have an expanded PLZF + γδ NKT cell population and show signs of IL-4 overproduction in vivo, including hyper-immunoglobulin E 19, 24 . Thus it seemed possible that the innate A r t i c l e s CD8 + T cell phenotype was a bystander effect of IL-4 production and not an intrinsic effect of Itk deficiency. To test for extrinsic or intrinsic effects, we generated mixed-bone marrow chimeras with Itk −/− and wild-type cells (as in Fig. 1a) . In chimeras in which Itk −/− cells were the majority, we observed a memory-like phenotype on wild-type bystander cells: higher expression of IL-4Rα, CXCR3, CD44, CD122 and Eomes (Fig. 5a,b) . In contrast, Itk −/− CD8 + SP cells that developed in a wild-type thymic environment had a normal phenotype (data not shown). These findings show that the CD8 + changes are a cell-extrinsic effect of Itk deficiency.
In intact mice and mixed-bone marrow chimeras, Itk −/− thymocytes, like KLF2-deficient cells, had a significantly greater cell-intrinsic proportion of PLZF + T cells ( Fig. 5c and Table 1 ). However, the PLZF + population in Itk −/− mice differed from that in both wild-type and KLF2-deficient mice in that γδ NKT cells were overrepresented ( Table 1) . This is consistent with reports that Itk deficiency results in impaired maturation and function of invariant NKT cells 25, 26 and enhanced development of γδ NKT cells 19, 24 .
We wanted to determine if IL-4 production by PLZF + cells in Itk −/− mice resulted in more memory-like CD8 + T cells, as it does in KLF2deficient mice. We generated Itk −/− Il4ra −/− and Itk −/− Plzf lu/lu doubledeficient mice. This resulted in Itk-deficient T cells that either could not respond to IL-4 or lacked PLZF. CD8 + T cells from both Itk −/− Il4ra −/− and Itk −/− Plzf lu/lu mice had normal expression of CXCR3, CD44, CD122 and Eomes (Fig. 6) . This indicated that the memory-like or innate CD8 + phenotype was completely dependent on IL-4 produced by PLZF + T cells and was not a result of altered thymic selection of Itk-deficient cells, as originally inferred.
T cell deficiency in the histone acetyltransferase CBP (encoded by Crebbp) has been reported to have a CD8 + phenotype similar to that of the Itk-deficient mouse 27 . We again generated mixed-bone marrow chimeras in which cells with loxP-flanked Crebbp alleles deleted by Cre recombinase driven by the promoter of the gene encoding the kinase Lck (Crebbp fl/fl Lck-Cre cells) were the majority, with a minority of wild-type bystander cells, to test for cell-extrinsic effects in this model. When CBP-deficient cells were the majority, we observed that both the Crebbp fl/fl Lck-Cre and the wild-type bystander cells upregulated IL-4Rα, CXCR3, CD44, CD122 and Eomes (Supplementary Fig. 4) . This phenotype was not apparent for either population when wild-type cells were the majority. These data are consistent with the idea that CBP deficiency leads to more thymic IL-4, resulting in cell-extrinsic effects on CD8 + SP cells. In summary, we have shown that the generation of memory-like CD8 + T cells occurs by similar cell-extrinsic means in three apparently unrelated genetic mouse models.
Similar mechanism in normal mice
Although the PLZF-IL-4 mechanism for the production of memorylike CD8 + cells is important in understanding the actual role of specific genes in deficiency models, we wanted to investigate if this mechanism might also have a role in the generation of memory-like cells in wild-type mice. It has been reported that inbred mouse strains vary in their number of αβ and γδ NKT cells, with BALB/c mice having large numbers of such cells and C57BL/6 (B6) mice having small numbers of such cells [28] [29] [30] . Thus, we investigated the phenotype of CD8 + SP thymocytes in these two strains of mice. As expected, we found that PLZF + cells made up a larger percentage of thymocytes in BALB/c mice than in B6 mice (Fig. 7a) . Notably, a higher percentage of CD8 + SP cells from BALB/c mice were of the memory phenotype (CD44 hi CD122 hi ) than were those of age-matched B6 mice (Fig. 7b) .
We also observed that in BALB/c mice, the memory-phenotype CD8 + SP cells had high expression of Eomes but not of T-bet (Fig. 7c) . This is consistent with PLZF-IL-4-dependent generation of memory-like CD8 + T cells in BALB/c mice.
To determine if the BALB/c memory-like CD8 + T cells were IL-4 dependent, we analyzed IL-4Rα-deficient (Il4ra −/− ) mice on the BALB/c background. The percentage of CD44 hi , CD122 hi CD8 + SP cells was lower in the Il4ra −/− BALB/c thymus than in the wild-type BALB/c thymus (Fig. 7b) . Notably, Eomes expression in Il4ra −/− BALB/c mice was diminished to expression similar to that of wildtype B6 mice (Fig. 7c) . We did not detect a difference between wildtype and Il4ra −/− B6 mice in memory-phenotype CD8 + cells (data not shown), probably because of the low percentage of such cells in wild-type B6 thymus.
CD1d-restricted NKT cells are by far the most abundant thymic PLZF + population in BALB/c mice ( Table 1) . Thus, to study the requirement for PLZF + T cells in the generation of memory-like CD8 + cells in BALB/c mice, we analyzed Cd1d −/− BALB/c mice. As expected, CD1d deficiency resulted in a much smaller percentage of PLZF + T cells in the thymus (Fig. 7d) . In the Cd1d −/− BALB/c thymus, we also found a smaller percentage of memory-like CD8 + T cells (Fig. 7e,f) . Consistent with our findings in the thymus, we observed fewer memory-like CD8 + T cells in Il4ra −/− and Cd1d −/− BALB/c spleen ( Supplementary Fig. 5) . These findings show that in wild-type mice, there is an IL-4-and PLZF-dependent memory-phenotype CD8 + T cell population. Thus, the new mechanism for generation of memorylike CD8 + T cells we described above in genetically deficient mice is also present in wild-type mice.
DISCUSSION
Our findings support a model in which IL-4 derived from PLZF + cells regulates the pool of memory-like CD8 + T cells. Such cells are readily apparent in KLF2, Itk and CBP gene-deficiency models. They have also been observed in Id3-deficient mice, in which they arise from a similar non-intrinsic mechanism (B. Kee, personal communication). The phenotype of Itk-deficient CD8 + T cells in particular has been studied extensively 21, 31 . Because of Itk's involvement in TCR signaling, it has been proposed that Itk is necessary for the thymic selection of conventional CD8 + T cells. Thus, in the absence of Itk, CD8 + T cells have been thought to be diverted into an innate-immune lineage. We have shown here that this CD8 + phenotype is actually a cell-extrinsic effect dependent on IL-4. Thus, mice doubly deficient in Itk and IL-4Rα or in Itk and PLZF will be useful tools for studying the direct effects of Itk deficiency on thymic selection.
We propose that the origin of the memory-like CD8 + T cell phenotype in these models is the expanded PLZF + population. Mice lacking Id3 also have an expanded PLZF + population [32] [33] [34] [35] similar to that of mice lacking KLF2, Itk or CBP. Are the mechanisms that result in the expansion of PLZF + populations shared or distinct in each model? In Itk-deficient or Id3-deficient mice, the PLZF + population is skewed toward more γδ NKT cells 19, 24 . Itk's positive role in TCR signaling has led to the proposal that γδ progenitors that lack Itk avoid negative selection because of less signaling and instead become PLZF + γδ NKT cells. CBP deficiency might lead to the same process, as CBP-deficient T cells have defects in Itk-dependent genes after TCR stimulation 27 . One way that Itk deficiency and KLF2 deficiency could be linked is if Itk deficiency leads to lower KLF2 expression in PLZF + cells. However, in Itk −/− mice crossed with reporter mice in which KLF2 expression is indicated by expression of green fluorescent protein 12 , we observed no difference in KLF2 expression in any PLZF + population (data not shown). We believe the expansion of PLZF + populations with KLF2 deficiency was probably not due to altered selection. KLF2 does not substantially alter the repertoire of PLZF + cells, and KLF2 deficiency does not expand PLZF + populations when the TCR is fixed. Also, the population expansion of PLZF + cells and subsequent effects of bystander CD8 + cells with KLF2 deficiency did not seem to be caused solely by altered trafficking. S1P 1 deficiency causes thymic retention of NKT cells, the main PLZF + population 36 , yet we did not observe bystander effects with S1P 1 deficiency. We favor a model in which KLF2 deficiency causes greater population expansion or survival of PLZF + cells after selection.
PLZF deficiency leads to an overall lower number of NKT cells, yet the CD1d tetramer-binding NKT cells that remain in PLZF-deficient mice have higher expression of CD62L and preferentially localize to lymph nodes instead of spleen and liver 5, 6 . This phenotype is reminiscent of that of KLF2-expressing naive T cells and might suggest a mutual antagonism between PLZF and KLF2 in an NKT cell precursor. When we bred Plzf lu/lu mice to the reporter mice in which KLF2 expression is indicated by expression of green fluorescent protein 12 , we found that PLZF-deficient NKT cells did indeed have higher expression of KLF2 (data not shown). In addition, PLZF-transgenic overexpression leads to lower CD62L expression on T cells 6, 37 . Further studies of the interactions between KLF2 and PLZF should be helpful in understanding the dichotomy between conventional and NKT cells.
NKT cells have diverse functions, from autoimmunity to responses to pathogens and tumors 4 . The potential of NKT cells in therapeutics is also actively being investigated 38 . Here we have reported a previously unknown role for NKT cells in the development of a memorylike CD8 + T cell population. We found evidence of this mechanism in both gene-deficiency models and normal inbred mouse strains. Variations in the number of CD1d-restricted NKT cells and γδ NKT cells have been reported in inbred strains of mice [28] [29] [30] . We found a greater proportion of all PLZF-expressing T cells in BALB/c mice than in B6 mice. Notably, we have shown that this correlated with an IL-4-dependent memory-like CD8 + population in BALB/c mice. This effect is consistent with other studies showing that IL-4 (refs. 39,40), including IL-4 from activated NKT cells 41 , can directly promote CD8 + T cell proliferation and differentiation. We were also able to show that CD1d-deficient BALB/c mice had fewer memory-like CD8 + cells. Thus, studying mice that are genetically deficient in NKT cells might be complicated by the possibility that those mice could also have an altered memory CD8 + T cell population.
As differences exist between inbred mouse strains, it seems likely that there could be variations in the PLZF + pool size in the genetically diverse human population. Indeed, humans might have more PLZF + cells because of a species-specific difference in how CD4 + T cells are selected in the thymus. MHC class II is expressed on human thymocytes but not on mouse thymocytes. Transgenic expression of MHC class II on mouse thymocytes allows the selection of a unique T cell subset that shares many characteristics with NKT cells, including PLZF expression 42 . Evidence suggests that MHC class II thymocyte-thymocyte selection does lead to the generation of PLZF + cells with diverse TCR specificity in the human thymus 43 , and humans have a higher proportion of PLZF + peripheral T cells than do mice (D. Sant' Angelo, personal communication). Thus, it will be useful to determine to what extent PLZF-derived IL-4 shapes the human memory CD8 + T cell pool.
Although we are not aware of any cases of human deficiency of IL-4 or PLZF, there has been a report of homozygous missense mutation in ITK in a pair of sisters 44 . Both girls died from an Epstein-Barr virus-associated lymphoproliferative disorder. Of relevance to the our present work here, Eomes was upregulated in CD8 + T cells of both patients. Although this finding could certainly be complicated by the pathological situation in these patients, it is consistent with memory-like CD8 + T cell formation in Itk-deficient mice.
The final consequence of the expanded PLZF + population and more IL-4 is more memory-like CD8 + T cells. Using bystander-affected OT-I-transgenic T cells, we were able to demonstrate that such cells can subsequently promote both antigen-specific and antigennonspecific responses. Thus, the differentiation of memory-like CD8 + T cells by IL-4 might contribute to more potent innate and adaptive immune responses.
One question that arises from our findings is why IL-4 production by PLZF + T cells would be coupled to memory-like CD8 + T cells able to make IFN-γ. One possibility is the need for the participation of multiple cell types in the innate immune production of IFN-γ. Thus, linking the differentiation of memory-like T cells to the rapid production of cytokines by PLZF + T cells results in the generation of ample IFN-γ-producing cells. Innate production of IFN-γ by memory CD8 + T cells has been demonstrated in many infection models, and such cells have been reported to have more innate protective ability than do NK cells [45] [46] [47] [48] . PLZF-dependent, memory-like CD8 + T cells might be particularly important neonatally, before the immune system matures and infections have generated pathogen-specific memory.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureimmunology/.
Note: Supplementary information is available on the Nature Immunology website.
